Introduction
Fingerprint authentication is one of the most commonly used biometric method applied to both traditional and modern identification systems. During the past several years, significant improvements have been made to enhance the robustness of the fingerprint reading techniques in order to exclude the attempts to use finger phantoms with artificial fingerprint pattern. On the other hand, the greatest problems of alive person identification may be unintentional and intentional surface skin damage or permanent colour coating, because most of the methods are based on the recognition of the finger surface topography [15, 21, 25] .
Recently, optical coherence tomography (OCT) has been tested as a contactless technique helpful for fingerprint scanning [2, 4, 5, 11] . OCT scanners are able to image the internal structure of the fingertip skin in 2D crosssections or high-resolution 3D. An OCT volume consists of a series of 2D images (B-scans). A single B-scan consist of a series of one-dimensional signals named A-scans.
The most intense signal in the internal fingerprint layer is up to 500 µm below the surface. Thus the layers overexposed by OCT contain the external skin strata: epidermis, with its outermost layer known as stratum corneum, and the upper part of dermis (known as papillary dermis) which forms internal pattern of fingerprint named dermal papillae. The finger surface and dermal papillae have identical topographical features (ridges and valleys), because the external epidermis, which is constantly being worn away, regenerates on dermis-epidermis interface named papillary junction. Due to the direct correlation between the topography of surface papillary ridges and dermal papillae the OCT is especially useful when the papillary lines are in poor conditions (e.g. the pattern were disrupted by some distortion such as cuts, scars and abrasions), or not available on the surface (finger was stained or worned). The OCT technique is also useful for detecting fingerprints covered by various substances [1] .
In this paper authors present a method for the detection of fingerprint image in the papillary junction (epidermisdermis interface). In Section 3.1 a diffusion based spatial smoothing image filter is presented, introduced to reduce strong speckle noise. It is also able to preserve fingerprint layer edges in higher degree than other smoothing filters. The location of the stratum corneum and the papillary junction ridges is explained in Section 3.2. It assumes searching for the first two top peaks in each OCT signal (A-scan). Section 4 shows exemplary B-scans from different stages of OCT image analysis and example fingerprint images obtained with the proposed method. The algorithm parameters and the timing of its various stages were also discussed. The main novelty in the paper relays on speckle noise reduction by high quality spatial image filtering [10] and on using fast cubic spline method instead of commonly used autocorrelation to get continuous and smooth papillary junction edge profiles [5, 6] . The traditional detection of the voxel locations on such edges as A-scan peaks has been extended by the identification of many outlier data and the estimation of their proper locations.
Material and methods

OCT equipment
The spectral Spark OCT 1300 nm apparatus (Wasatch Photonics Inc.) was used for capturing the volumetric data of finger skin structure (Fig. 1) . The OCT setup contains a FD (Fourier domain) Michelson's interferometer, where interference is obtained with a spectrally scanning source [7] . The sample arm of the interferometer was equipped with both a scanning MEMs mirror and a CMOS camera which provided fundus images of a skin 
Computational resources
The experiments of testing the proposed method for internal fingerprint detection were carried out on a PC with two processors Intel(R) Xeon(R) CPU E5-2695 v2, 2.4 GHz.
and 64 GB GDDR3 operating memory. The workstation was equipped with Nvidia CUDA Quadro K6000 graphic card including 12 GB GDDR5 device memory.
The GPU with compute capability 3. 
Internal fingerprint extraction algorithm
The algorithm proposed by the authors for the extraction of internal papillary lines is presented in Fig. 2 and Fig. 3 . OCT images. They apply median [12] , wavelet [22] , bilateral [13] , local adaptive filters [14] or different types of nonlinear diffusion [27, 28] . The authors focused on the anisotropic diffusion filtering, which provides good Because speckle noise is multiplicative versus image intensity, the noised intensity image J(x, y, z) in the original form is expressed as
where I denotes noise-free image, η -white noise with zero mean and a certain distribution, p = (x, y, z) is sin-
The firmware of the applied Spark OCT 1300 nm system performs post-scan logarithmic transformation of raw intensity images according to Eqn. (2) to reduce their grey-level dynamics. Thus
can be written as where η is a white noise of zero mean. The speckle noise filter used in the paper is implemented in the class itkCurvatureAnisotropicDiffusionImageFilter [10] included in the ITK development framework. It performs the modified curvature diffusion equation (MCDE) given in Eqn. (4) [26] . 
represents the conductance modified level-set curvature term. The MCDE formula is a variation on the classic, Perona-Malik anisotropic image diffusion equation [24] and is a level-set analogue of that equation.
Smoothed versions of the image I are obtained by choosing progressively greater values of t. In the discrete implementation of Eqn. (4) the filter includes a set P AD of three parameters:
where k -the conductance parameter, n it -the number of iterations, dt -the time step that should fulfil the CourantFriedrichs-Lewy (CFL) stability condition [23] evaluated
3.2 The method of stratum corneum and papillary junction edge detection 
where I y (x, z) denotes a B-scan in the XZ plane with index y, B y (x) -z-location array of skin boundary pixels in a B-scan, S y (x) -z-locations of pixels starting detection, P B -the set of peak parameters with important influence on the boundary detection process. The parameters are as follows:
• MinPeakHeight -determines minimal height of intensity peaks taken into account as the border candidates,
• MinPeakWidth -selects only those peaks that have widths of at least MinPeakWidth,
• MinPeakProminence -selects only outstanding peaks that have a relative importance of at least Min- The parameter values are adjusted experimentally and can differ for stratum corneum or epidermis-dermis interface detection. In Eqn. (9) the same function as in Eqn. (8) was applied with different OCT signal parameters P J to detect internal papillary zone border J y (x).
where J y (x) -z-location array of papillary junction pixels in the B-scan, S y (x) = B y (x) + ∆z -z-locations of detection start pixels, P J -the set of boundary peak parameters the same type as P B .
To smooth finger skin profile and ensure its continuity the edge location array B y (x) is approximated by cubic spline function csaps from Matlab's Curve Fitting Toolbox [17] as shown in Eqn. (10) .
where s B denotes a smoothing parameter. It provides the balance between least squares approximation of raw data 
where D 2 (B y (t)) operator denotes second derivative of the smoothed boundary B y (t). The detailed explanation for csaps is given on the website [16] . The skin profile smoothing effect is illustrated in Fig. 8c and Fig. 8d . The same method is applied to the papillary junction edge as 
Experimental results
The authors examined 3D images with the same dimensions as acquired by Spark OCT system working in low The filter parameters P AD given in Eqn. (7) were set as follows: conductance parameter k = 20, number of iterations n it = 5, time step dt = 0.0625. Example fingertip B-scans before and after the proposed diffusion filtering are illustrated in Fig. 8a and Fig. 8b . Visual assessment of papillary lines in each column con- 
